Anion exchange membranes (AEMs) fabricated using polyethylene (PE) and ethylene tetrafluoroethylene films are subjected to degradation tests in deionised water for electrolyser/fuel cell operation. After the degradation test, the decrease in ion-exchange capacity (IEC) of the AEM, hence decrease in ionic conductivity, is found to be influenced by the applied gamma radiation dose rate. The use of high radiation dose rate produces membranes with improved stability in terms of % IEC loss due to shorter, more uniformly distributed vinylbenzyl chloride (VBC) grafts. For LDPE-based AEMs, increasing the applied radiation dose rate during grafting from 30 to 2000 Gy h À1 significantly reduces AEM % IEC loss from 38 to 11%, respectively. Analyses of both the aged functionalised membranes and their resulting degradation products confirm the loss of not only the functional group, but also the VBC group, which have not been reported previously in the literature. Oxidation reactions taking place in solutions close to neutral can be the main contributor to the IEC loss in contrast to the widely reported E2 or SN2 attack on the head group in high alkalinity solutions. We therefore propose parallel degradation mechanisms to head group loss of AEM that involves peroxide radicals which is more dominant at low alkalinity solutions.
Introduction
Among the different types of fuel cell systems, proton-exchange membrane fuel cells (PEMFCs) and alkaline fuel cells (AFCs) are the most studied for practical service applications, particularly in low temperature regimes of operating conditions. With the development of solid anion-exchange membranes (AEMs), working in alkaline anion-exchange membrane environment (AAEM) has several advantages over proton exchange membrane environment (PEM) for fuel cell and water electrolyser (PEMWE), namely, faster oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) under alkaline conditions than in their acidic counterpart therefore providing lower activation losses, 1, 2 feasible use of non-noble metal catalysts [3] [4] [5] and cheaper cell components due to a less corrosive environment. 6, 7 Furthermore, with the use of solid AEM, electrolyte leaking and carbonate precipitation are prevented due to the effective separation of the fuel and the oxidant 8 which also allow operation under differential pressure across the membrane.
Alkaline AEMs are solid polymer electrolytes that contain positive ionic groups, typically quaternary ammonium groups: -N + (CH 3 ) 3 , and mobile negatively charged anions, usually OH À . 9, 10 There have been several classes of AEMs fabricated for AFC operations reported in literature. The most common class of AEMs is those based on quaternary ammonium groups 11, 12 due to their appreciable stability in an alkaline environment.
13,14
We have reported the ionic conductivity and fuel cell performance of several benzylammonium and sulfonium head groups for AEMs and found that trimethylamine (TMA)-functionalised ionomers showed superior ORR performance and higher ionic conductivities in comparison to other studied head groups including 1,4-diazabicyclo[2.2.2]octane (DABCO).
10,15
Our report 2 showed an increase of around 60% of the power density at 0.4 V when TMA was used instead of N,N,N 0 ,N 0 -tetramethyl-1,6-hexanediamine (TMHDA) at 60 C. Furthermore, TMA-functionalised vinylbenzyl chloride (radiation) graed on low-density polyethylene backbone (LDPE-g-VBC-TMA) showed low activation energy of 12 kJ mol À1 for OH À ionic conductivity 2 close to the reported value for H + conductivity in Naon 3 with OH À through plane conductivity of 0.13 S cm À1 at 80 C and 100% RH. 2 These (LDPE-g-VBC-TMA) AEMs have superior fuel cell peak power densities at a high potential of 500 mV, one of the highest reported in the literature for AAEMFCs of 823 mW cm À2 under oxygen (atm) and 506 mW cm À2 under air
(1 bar gauge) at 60 C.
While AEMFCs has shown excellent ionic conductivity and cell performance, their chemical and thermal stability for long term service life remains a challenge. Alkaline stability and degradation of AEMs are mainly assessed in the purview of cation stability. The literature has abundantly discussed mechanisms of the degradation of AEMs, namely, Hofmann elimination, nucleophilic substitution and formation of ylide derivatives. [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Hofmann elimination is when OH À ions attack a b-hydrogen atom (with respect to N) of the cation which leads to the elimination of a tertiary amine from the neighbouring carbon. 18, 20, 21 Nucleophilic substitution involves OH À ions acting as a strong nucleophile, which can either (1) attack the a-carbon atom of the cation converting the quaternary ammonium group to a tertiary amine and releasing an alcohol or (2) attack the benzylic carbon atom causing the detachment of a tertiary amine. 19, 22, 24 Lastly, the ylide formation route is through OH À ions abstracting a proton (a-hydrogen) from a methyl group producing a nitrogen ylide intermediate which transforms to tertiary amine and water. 23, 25, 26 These ylide intermediates can further undergo degradation through the Stevens rearrangement or Sommelet-Hauser mechanism, 17,27-29 selectivity of which is dependent on the electronic properties of the substituents attached to the aromatic ring, steric effects and the type of solvent used. 29 These three degradation mechanisms can occur in parallel, which can lead to a combination of degradation products. It is thus important to synthesise membranes with chemical structures capable of circumventing these degradation mechanisms to ensure long term stability of AEMs.
The chemical and thermal stability of AEMs greatly depend on the nature of the polymer backbone and on the type of functional group that enables the transfer of hydroxide ions.
30
The use of hydrocarbon-based polymer backbones, like polyether sulfone (PES) and polyphenylene oxide (PPO), for AEMs offer advantages, namely, low cost, commercial availability and structures that are amenable for tethering pendant groups. 31 However, even though PES-based AEMs are tolerant to highly basic environment, the polymer backbone gradually degrades in alkaline medium when quaternised with ammonium functional group. 22, 32 The PPO-based AEM, on the other hand, undergoes backbone degradation by chain scission via hydrolysis of ether bonds. 33, 34 The uorinated base polymers have emerged to be the preferred polymer backbone for AEM preparation owing to its inherent inert properties and electrochemical and thermal stability due to the presence of strong electron-withdrawing uorine atom. 35 However, it has been reported that partially uorinated polymers like PVDF-based AEMs are known to degrade in alkaline media via dehydrouorination.
36,37
The fact that novel uorocarbon-type AEMs are still unstable under strong basic conditions 6, 38 suggests that the functional ion-exchange groups rather than the cross-linked polymer network undergoes degradation. Therefore, it can be assumed that the alkaline stability of an AEM is given by the stability of the weakest link, which is generally considered to be the head group. Among the different type of positive ionic groups, the quaternary ammonium ions possess a considerably higher thermal and chemical stability compared to phosphonium or sulfonium groups. 20 However, it was reported that phosphonium groups have demonstrated their potential by exhibiting greater stability towards attack by hydroxide ion than the more conventional quaternary ammonium.
39
The attachment of the head group to the polymer backbone can be typically achieved through benzyl or phenyl bonds. Benzyl-trimethylammonium (benzyl-TMA) is far more stable than its phenyl equivalent.
14 90% of benzyl-TMA was found to be stable aer 29 days alkaline treatment compared to only 30% for phenyl-TMA. 25 Among the several studied quaternary ammonium head groups, benzyl-TMA and benzyl-DABCO showed the highest stability in 2 M KOH at 160 C (under N 2 )
with half-time disintegration of 29 and 42 min, respectively.
40
The 23 Degradation tests of membranes having quaternary ammonium groups reported in literature were all performed in high alkaline concentrations 42, 43 and elevated temperature. 14, 23, 44 This study is the rst attempt to illustrate the degradation of the OH À exchanged AEM stored in deionised water, which is the usual medium present in electrolyser and fuel cell operations. Furthermore, the majority of the published work assessed membrane stability by measuring the decrease in its weight, ion exchange capacity and ionic conductivity with time. 23, 42, 43, [45] [46] [47] [48] [49] However, very limited research has been done to analyse the decomposition products. This is partially due to the insoluble nature of some of these products, 50 limiting the techniques available for chemical analysis needed to identify their structure. Due to such difficulties, we have gathered results from several chemical analyses to determine the identity of the degradation products. Most importantly, all of the available literature have so far reported that the degradation of AEMs is due to the removal of the ion-carrying functional groups and not the gra VBC. 6, 11, 13, 19, 20, 40, 51, 52 This research is the rst to report that the degradation of the AEMs is not only due to the removal of the functional group, but also attributed to the loss of the benzene ring, in the AEMs we have synthesised and investigated. Such ndings will have a signicant impact on the way we design and fabricate AEMs in order to obtain excellent thermal and chemical stability properties.
Mechanism of AEM degradation
For the TMA-functionalised membranes, the attachment of TMA to the benzylic chloride during functionalisation does not produce b-hydrogens, thus the Hofmann elimination route can be conveniently disregarded. 43, 49, 53 When the Hofmann elimination is impossible, nucleophilic substitution proceeds preferably towards the release of TMA rather than producing the benzyl-dimethylamine unit 23, 40, 54 as shown in Scheme 1. This is because nucleophilic substitution reaction is generally favourable at a benzylic methylene carbon and TMA is a good leaving group. 55, 56 The reaction consequently leaves behind a benzylic alcohol 54 that could readily transforms to dibenzylic ether, and together with TMA, are the major decomposition products.
57
Stevens rearrangement for the benzyl-TMA group in basic media involves abstraction of the relatively acidic proton from the methylene group connecting the aromatic group and the TMA to form an ylide. This ylide intermediate undergoes rearrangement to produce a tertiary amine and water as nal products (Scheme 2).
28 Similar to the Stevens rearrangement, the Sommelet-Hauser mechanism also involves proton abstraction by OH À ions, however the attack is on a methyl group attached to the quaternary nitrogen atom and the resulting carbanion attacks the ortho-position of the aromatic ring (Scheme 2).
29
For the benzyl-TMA cation, Stevens rearrangement is the only ylide reaction observed as the OH À ion prefers the proton attached to the methylene group connecting the aromatic ring and the TMA, rather than a methyl attached to the quaternary nitrogen atom. Even though DABCO has b-hydrogens, its structure does not allow the stereoelectronics necessary for a Hofmann elimination mechanism. 19, 21, 24 However, the mono-quaternised DABCO can undergo a nucleophilic displacement reaction causing the release of DABCO to the solution as shown in Scheme 3.
23,40
3. Experimental
Materials
The low-density polyethylene lms were sourced from British Polythene Industries plc. The ethylene-tetrauoroethylene lms were procured from Nowoon Kunststoffprodukte GmbH while the high-density polyethylene lms were obtained from Metal Box Co. All commercial polymer lms were used as received. Vinylbenzyl chloride (mixture of 3-and 4-isomers, 97%), trimethylamine (45% in water) and 1,4-diazabicyclo[2.2.2]octane were all acquired from Sigma-Aldrich. Toluene solvent, potassium hydroxide pellets, acetone, sulfuric acid, methanol and sodium chloride were all analytical reagent grade and were used as received.
Anion exchange membrane preparation
The AEMs were synthesised as previously reported 16,41 using low-density polyethylene (LDPE), high-density polyethylene (HDPE) and ethylene-tetrauoroethylene (ETFE) as base polymers with vinylbenzyl chloride (VBC) as the gra monomer. The PE-g-VBC copolymer was prepared by immersing the PE lms in nitrogen purged 31/26/45 by volume VBC/toluene/methanol solution placed in a screw-cap vial. Samples were sent to Synergy Health plc (Wiltshire, UK) for mutual gamma radiation graing. The irradiation was carried out under known dose rate and total radiation dose for a predetermined time. On the other hand, the ETFE-g-VBC membrane was produced by irradiating rst the ETFE lm using an electron-beam source (4.5 MeV) to a total radiation dose of 70 kGy and was subsequently immersed in N 2 -purged VBC monomer solution. The graed membranes obtained were washed thoroughly with acetone to completely remove VBC homopolymers. To produce the AEM, trimethylamine (TMA) was used to impart functionality to the PE-g-VBC (Scheme 4) and ETFE-g-VBC copolymers. Another set of LDPE-based membranes was prepared but functionalised with DABCO. Scheme 4 shows an idealised schematic of the preparation of polyethylene-based AEM functionalised with TMA.
3.3 Membrane stability tests 3.3.1 Stability test of un-exchanged LDPE-based AEM. The stability of unexchanged TMA-and DABCO-functionalised LDPE-g-VBC copolymer membrane (Cl form) was studied in airsaturated (CO 2 free) deionised water in sealed bottles and were placed inside a water bath at 60 C for 3 months for comparison. Aer the stability tests, the sealed bottles were allowed to cool to room temperature and the aged membranes were extracted and analysed separately. The degradation solutions, on the other hand, were visually examined and presence of suspended solid precipitates were separated from the solution using Eppendorf 5804R Centrifuge. The clear solution was then allowed to dry at 50 C using a MTI Model DZF-6020-FP vacuum oven for recovery of solid precipitates.
3.4 Characterisation of the membrane and the degradation products 3.4.1 Measurement of the ion-exchange capacity (IEC). The OH À exchanged membranes were immersed in a known volume of 1.0 M NaCl solution and was le to stand overnight. The liberated hydroxide ions were titrated with 0.10 M H 2 SO 4 solution using a Titrette GMBH bottle-top digital burette and the endpoint was determined visually using methyl red indicator. Aer titration, the membranes were washed with deionised water to completely remove the salt and dried using a MTI Model DZF-6020-FP vacuum oven. Measurements of the weight were performed until no change in the dry weight was achieved.
The IECs were computed using the amount of OH À ions neutralised, expressed in mmol, divided by the dry weight of the membranes, in grams.
Measurement of the ionic conductivity. Each OH
À exchanged membrane was sandwiched between two Freudenberg FCCT H2315-C2 gas diffusion layer carbon electrodes and was placed in a gold-plated titanium test cell. The environment inside the test cell was maintained at atmospheric pressure and the humidier temperature was set to ensure 100% relative humidity inside the cell, which was veried using a Vaisala HUMICAP humidity sensor. The through-plane conductivity was measured using a two-point technique with each probe placed on either side of the membrane (through plane). The impedance was measured using a N4L NumetriQ PSM 1735 Frequency Response Analyser within the frequency range of 200 to 20 kHz with perturbation voltage amplitude of 15 mV. Three readings of the impedance in 5 min intervals were made and the average was determined. Consequently, the conductivity of the membrane was computed based on the following formula:
where s is the hydroxide ion conductivity, L is the membrane thickness, R is the resistance derived from the impedance value at zero-phase angle and d is the diameter of the membrane test area.
Chemical analysis.
The following sections describe the equipment utilised to characterise the membrane before and aer the stability test and the resulting degradation products.
3.4.3.1 SEM analysis. Scanning electron microscopy (SEM) coupled with Energy-dispersive X-ray spectroscopy (EDX) was performed using a JEOL JSM-5300LV machine equipped with RONTEC UHV Dewar Detector.
3. 
Results and discussion

Stability of LDPE-g-VBC copolymer and the fabricated membrane
The stability of the fabricated membranes was assessed by measuring the IEC of the un-exchanged (Cl À form) membranes before and aer immersing the membranes in deionised water at 60 C for 3 months. Table 1 indicates the stability of the synthesised membranes having the same degree of graing (DOG) wherein IEC did not change aer the stability test. Both the DABCO-and TMA-functionalised membranes in their unexchanged (Cl À ) forms were found to be stable at 60 C for 3 months with no change in their IEC. The solutions wherein the membranes were immersed were also oven dried and no solid precipitates were recovered indicating that there was no soluble degradation products of the membrane. Table 2 shows the summary of the graing conditions (radiation source, total dose and dose rate), DOG and IEC of the fabricated membranes using different base polymer (LDPE, HDPE and ETFE), with their respective membrane codes, and all of them functionalised with TMA. The IEC of the OH À exchanged aged TMA-functionalised membranes were measured aer 2 months and compared to their initial IECs as further shown in Table 2 . The initial IECs of the membranes varied as expected based on their DOG for each type of base polymer. The resulting DOG upon graing is inuenced by the applied dose rate and total radiation dose. With all of the other parameters remaining constant (i.e. VBC monomer concentration, amination time, and total radiation dose), higher dose rate results in a higher DOG as more high energy radiation is supplied to graing, 41 which is observed in LDPE and HDPE ( Table 2 ). The IEC of the membrane decreased aer 2 months of . This further suggests that there is a stability benet as well as conductivity benet from the use of membrane with high DOG for electrolyser/fuel cell application that is operating at a very low alkaline concentration. The differences obtained in membrane DOGs are the direct result of the inuence of the applied radiation dose rate (at the same total dose) during mutual radiation graing. It can be observed that the variation in % IEC loss is directly related to the dose rate used. For example, LDPE-based AEM with a dose rate of 30 (LT-2), 35 (LT-3) and 67 Gy h À1 (LT-4), exhibited % IEC loss aer 2 months of 37, 33 and 21%, respectively. Similarly with the HDPE-based AEM, at dose rate of 30 (HT-1), 35 (HT-2) and 67 Gy h À1 (HT-3), the % IEC loss observed aer 2 months was 50, 46 and 28%, respectively. This leads to the conclusion that subjecting the base polymer to a higher dose rate will lead to a slower rate of degradation and hence to a more stable membrane. Lower dose rates can cause oxidative degradation to the base polymer, which decreases the extent of crosslinking compared to subjecting the base polymer to high dose rates which is normally favourable. 60, 61 High dose rate treatment increases the degree of crosslinking of the base polymer, which provides structural strength and stability to the AEM. 62, 63 When polymers are exposed to ionising radiation, even at low doses, they oen undergo structural changes accompanied by molecular cross-linking, graing and chain-scission reaction. It should however be mentioned that the highest total radiation dose (70 kGy for ETFE and 20 kGy for LDPE) used to fabricate the AEMs is still relatively low to cause substantial damage to the base polymer structure [64] [65] [66] and was conrmed previously by FTIR. 41 Furthermore, subjecting the polymer to high dose rate quickly consumes available oxygen and thus effectively prevents any dissolved oxygen from penetrating into the polymer and causing undesirable side reactions as the time of high energy application is so short. 60, 67 Expectedly, when radiation graing was performed with a very high dose rate of 2000 Gy h
Effect of radiation dose rate
À1
, the AEM stability further improved with only 11% IEC loss over a 2 months test.
Another important factor that should be considered is the effect of dose rate on the distribution and the length of VBC chains in the graed polymer. Ideally during simultaneous radiation graing, each VBC unit should be attached to each of the polyethylene chain upon creation of a free radical leading to very short length gra (Scheme 5a). However, there is a competition between the graing process and the VBC polymerisation. Aer the initial VBC unit attached itself to the polyethylene backbone, subsequent VBC units attach to the VBC unit (VBC polymerisation) instead of the polyethylene chain resulting in longer gras (Scheme 5b). Using higher dose rates will result in faster decay of radicals by recombination and consequently faster termination of the growing VBC chains. This results in a shorter VBC graed chains due to a decrease in styrene concentration in the internal graing layers. 68, 69 While at slow dose rates, VBC diffusion through the base polymer is sufficiently fast and the lifetime of the radicals formed is long enough to result in longer and fewer VBC chain gras 70 i.e. faster dose rates will result in better distributed VBC throughout the graed polymer and more LDPE-VBC links and shorter VBC-VBC links for a given DOG (Scheme 5a).
There seems to be also an effect of the base polymer on the stability of the graed AEM. While this effect is minimal compared to the dose rate effect, it is still signicant. At similar graing conditions (dose rate, DOG, etc.), the LDPE-based AEM showed 25% slower degradation rate compared to that of HDPE across the studied dose rates. This might arise from the differences in the structural change, e.g. cross-linking, that the base polymer is undergoing under radiation. Since crosslinking takes place between carbon atoms in neighbouring chains or chain branches joining together with other branches of the chain, a highly branched polymer like LDPE is more amenable to crosslinking compared to linear polymer like HDPE. 71 It has been shown that under our radiation dose (maximum of 20 kGy for LDPE/HDPE) i.e. below total dose of 100 kGy, LDPE polymer experiences signicantly higher cross-linking under radiation than HDPE, with both approaching similar cross-linking values at 250 kGy. 72 Additionally, the highly branched LDPE provides more accessible graing sites in comparison to HDPE (seen by higher DOG for the same graing conditions) which could translate to better graing distribution and consequently shorter gras.
The large variation in graing requirements of LDPE/HDPE (10-20 kGy) and that of ETFE (70 kGy) makes direct comparison of degradation rate difficult. In the case of ETFE, membrane fabrication using gamma radiation did not produce high enough gra of VBC monomer.
16 ETFE-based membranes were then produced via electron beam radiation graing since high energy electron beam is capable of providing higher dose rate. At a dose rate of 400 Gy h À1 , ETFE-based AEM (ET-1 and ET-2)
showed IEC loss of 13-15% somewhere in the middle range of higher initial IEC than the mono-quaternised LD-1 membrane (as shown later by NMR data) since TMA can more effectively penetrate the LDPE-g-VBC copolymer compared to DABCO due to the bulkier structure of DABCO. The lower IEC with the use of DABCO is still acceptable, provided that the resulting membrane is more chemically and thermally stable.
Effect of functional head group
73
The degradation rates for both membranes were very similar, with IEC loss of 13.0% for DABCO in comparison to 11.1% for TMA. These results were obtained under neutral pH (deionised water) and not in highly alkaline media, where the hydroxide counter ions associated with the head group might not be able to start the nucleophilic attack leading to head group loss under Scheme 1 but rather could undergo ylide formation reaction (Scheme 2). It can be seen that the degradation rate in our tests was less dependent on the head group in comparison to the accelerated tests on the head groups alone in high temperature and alkaline concentration (2 M KOH at 160 C) which showed much better stability of DABCO than TMA with half-time disintegration of 42 and 29 min, respectively. 40 It also suggests that the degradation mechanism under low alkaline concentration and relatively low temperature of 60 C might be different from the mechanisms reported under accelerated testing using high alkaline concentrations and temperature using single monomer unit.
Effect of the temperature and degradation time on the membrane stability
The effect of temperature on the degradation rate was studied where representative samples of AEM with varying base polymers (LDPE and HDPE, 35 Gy h À1 and ETFE, 400 Gy h À1 ; Table   2 ) were subjected to stability tests employing the same procedure but with increasing temperature and time (Table 3 ). There was a negligible decrease in IEC at low temperatures of 20 and 40 C aer a 1 month period indicating that the AEMs are stable at temperatures up to 40 C. At 60 C, a measurable decrease of IEC was recorded aer a 1 month period as discussed earlier.
Ionic conductivity of the initial and aged membranes
IEC is a measure of the concentration of the functional groups present to transfer the hydroxide ions and a higher IEC consequently results in a higher ionic conductivity. Loss of functional groups due to membrane's degradation results in lowering its IEC and decrease its measured ionic conductivity. ) for LT-4 and LT-1 membranes, respectively. The decrease in ionic conductivity agrees well with the observed decrease in IEC reported in Table 2 and conrms the earlier conclusion that membranes prepared under high radiation dose rate demonstrates slower degradation compared to using low dose rate. Furthermore, it also conrms that the degradation rate using LDPE-based AEM is slower compared to that of HDPE-based AEM using the same graing conditions. The LT-1 membrane showed lower decrease in ionic conductivity at 60 C aer 2 months of 14.1% compared to LD-1 membrane, which showed a decrease of 24.6% (using the same radiation dose rate of 2000 Gy h
À1
). While both AEMs using TMA and DABCO showed the same % IEC loss aer 2 months, the bulkier structure of DABCO and its lower basicity (pK a ¼ 8. 4.6 Scanning electron microscopy analysis Fig. 2a and b show the scanning electron microscopy (SEM) images of the surface and cross-section, respectively, of the aged LDPE-based membrane prepared under 35 Gy h À1 dose rate (LT-3). The observed voids (bubbles) suggest that part of the polymer was lost and dissolved in the surrounding water during the degradation process leaving the void behind. This is most likely to be the graed vinylbenzyl groups and not simply the functional head group alone. While polyvinylbenzyl trimethylammonium chloride or hydroxide is water soluble, the graed LDPE-g-VBC-TMA-OH is not and the potential loss of polymer seen by the SEM must be caused by the degradation mechanism as such degradation/loss was not observed with LDPE-g-VBC-TMA-Cl (from IEC data, Table 1 ). It also suggests that at such dose rate, the VBC has relatively longer chains and is less distributed throughout the graed polymer (for a given DOG). Hence, upon scission of the VBC-VBC link, long chains of water soluble vinylbenzyl trimethylammonium hydroxide are lost leaving the large void space observed behind, it was reported 74 that at low DOG < 11% bubbles on the membrane surface was observed aer graing and functionalisation due to the strong imbalance between hydrophobic bulk lm and the hydrophilic functionalised layer and the bubbles disappeared at DOG levels above 10%. However, this reported imbalance is inapplicable in this study, the investigated LT-3 and LT-1 AEMs have DOG signicantly higher than 10%, namely 58% and 65%, respectively. Moreover, the initial functionalised membranes did not show formation of bubbles. Furthermore, the presence of bubbles were only observed aer prolonged degradation test ( Fig. 2a and b ) and are associated with the loss of IEC. The image of the cross-section of the aged membrane seems to suggest that the degradation starts on the surface then progresses through the membrane. Fig. 2c and d show the surface and cross-sectional structure, respectively, of the aged LDPE-based AEM prepared under higher radiation dose rate of 2000 Gy h
(LT-1). SEM micrographs were taken at higher magnication (1000Â) and the membranes were still visibly smooth and lacked any bubbles. This supports the earlier results concluding that mutual radiation graing performed under high dose rate produces more stable AEMs compared to applying low radiation dose rate and suggests that the loss of VBC is more uniform in the structure. This can be explained by better distribution of VBC in the graed polymer with shorter graed chains and higher cross-linking resulting in less water soluble by-products. This will be discussed further using various chemical analysis techniques.
NMR spectroscopy analysis
4.7.1 NMR analysis of the aged membranes and the degradation solution. Solid-state NMR spectroscopy was employed on both the original and the aged TMA-and DABCOfunctionalised membranes (in OH À form stored in deionised water at 60 C for 2 months) to determine the decrease of various chemical groups present as an initial attempt to identify the decomposition products ( Fig. 3 and 4) . The 13 C CP-MAS NMR peaks were observed to be broad, which is usually expected for polymers, while the intensities of the signals are not normally proportional to the number of equivalent 13 C atoms (unlike 1 H NMR) and are instead strongly dependent on the number of surrounding spins (typically 1 H). This means for example, that the ratio of aromatic ring 13 C peaks to that of LDPE 13 C is lower than the estimated molar ratio value from the DOG. However, a decrease in that ratio under the same NMR test conditions (relaxation time, etc.) suggests a decrease in the aromatic group content. The 13 C CP-MAS NMR spectra obtained were normalised against LDPE peaks since the base polymer was not detected in the degradation products.
Comparison of the spectra of the initial and aged membranes revealed a decrease in the intensity ratio of the benzyl group to that of LDPE, which indicates decrease in the amount of the particular group in the membrane structure. 75 Furthermore, no new signals were detected in both 13 C and 15 N CP-MAS NMR spectra suggesting no degradation by-products has formed on the membrane itself, the degradation products therefore are water soluble and can be identied in the solution. 
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It is clear from the spectra that there are losses in the VBC and ammonium (TMA) group peak size. The results show 1 : 1 ratio of VBC to TMA loss wherein the percentage of the loss to their initial values aer 2 months degradation was ca. 30%. This agrees well with the observed loss of IEC of ca. 22% and indicates that the majority of the degradation is caused by the loss of the whole vinylbenzyl trimethylammonium hydroxide and not simply just the TMA head group. This is signicant since all the proposed mechanisms in the literature involve loss of only the head group (TMA) and not the VBC groups. It was further observed that the ratio of VBC to TMA loss remained close to 1 using high radiation dose rate (2000 Gy h À1 , 66% DOG). Similarly for the DABCO-functionalised membrane (LD-1), the 13 C CP-MAS NMR spectra shown in Fig. 4a share common peaks with that of TMA-based AEM namely, the aliphatic carbon peaks of LDPE at 20 to 35 ppm and the aromatic carbons between 120 to 150 ppm. Total Suppression of Spinning Sidebands (TOSS) was employed during analysis in order to minimise the impact of the spinning sidebands. There are two strong peaks at 46 and 53 ppm representing the carbons attached to the unquaternised and quaternised nitrogen, respectively. 80 It can be seen that the sizes of both of those peaks are very similar suggesting equal amounts of unquaternised and quaternised nitrogen, i.e. mono-substituted DABCO which is supposed to offer better stability over double substitution.
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Aer 2 months degradation period, there is a marked decrease in the peak intensity at 40 ppm indicating loss of VBC, similar to what was observed with the LT-4 membrane (Fig. 3a) . However, unlike the aged LT-4 membrane, the results indicate VBC to DABCO loss of 1 : 2 ratio with loss to its initial values of ca. 15% which is in agreement with the observed IEC loss of 13% (Fig. 1) .
The resonance peak at À330 ppm in the 15 N CP-MAS NMR spectra shown in Fig. 4b is consistent with the quaternised nitrogen in the DABCO structure and the peak at À368 ppm can be associated with the unquaternised nitrogen, both present in the original and degraded membrane. 81 Furthermore, no other additional resonance peaks were observed. Unfortunately, the peaks in 15 N CP-MAS NMR spectra cannot be integrated to quantify the relative loss of DABCO-nitrogen in both original and degraded membranes.
Nuclear magnetic resonance (NMR) has been the most commonly established method of analysing and monitoring degradation of ionomer membranes. 54, 82, 83 In order to shed more light on the role of OH À ion and oxygen on the degradation process, both solid-state and solution 17 O NMR spectroscopy were utilised in order to determine the presence of possible oxygen-containing compounds which could help elucidate the AEM degradation reactions. 84 The
17
O DE-MAS NMR spectra of the aged LT-1 membrane revealed clear identiable peaks even with a moderate signal-to-noise ratio that suggests oxidation of the aged membrane as shown in Fig. 5a . Similarly, the water- 17 O solution wherein the isotope-labelled LT-1 membrane had undergone degradation, was subjected to Furthermore, the peak at 379 ppm (Fig. 5a ) suggests presence of carbonyl-containing (C]O) compounds 87, 88 indicating that the benzylic alcohol, if present, is not the nal form of the degradation product, but rather could have undergone subsequent oxidation reactions. Considering that the membrane was subjected to a degradation period of 2 months at 60 C, the benzylic alcohol by-product may have undergone auto-oxidation to produce aromatic aldehydes and/or other carbonyl compounds.
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Aromatic aldehydes can readily transform to the corresponding carboxylic acid and/or benzylic peroxide radicals. 90 This benzylic peroxide radical could lead to a variety of side reactions, which may cause release of benzyl-TMA group from the membrane. The benzylic peroxide radical could have also been responsible for the oxidation of TMA indicated by the presence of N-oxide (N-O) groups (resonance at 500 ppm) 88 detected on the aged membrane (Fig. 5a ) and in the degradation solution (Fig. 5b) . In addition, the broad resonance at around 170 ppm in the 13 C CP-MAS spectra (Fig. 6) and the FTIR signals at 1057 ( ) and 1730 ( ) cm À1 of the degradation products (Fig. 8) provide further evidence of the presence of carbonyl-containing compounds indicating that either both the benzylic alcohol and TMA group might underwent subsequent oxidation and such auto-oxidation reactions could have caused the decrease in IEC of the membrane, or other peroxide radicals could have attacked the VBC-TMA group resulting in the observed carbonyl and N-oxide groups.
The presence of degradation products in the solution was attributed to the detected resonance peaks as shown in Fig. 5b . The peak at 194 ppm corresponds to peroxides (O-O) and/or soluble carbonate (CO 3 2À ) compounds 91 present in the solution. There are also common peaks observed in both the solution and solid-state 17 O NMR spectra, such as the peak at 500 ppm indicative of oxidised TMA group (N-oxides) and the resonance at 52 ppm (-OH and -O-group) 92 suggesting the presence of similar functional groups in both the degradation solution and the aged membrane. However, further studies are required to identify all of the oxygen-containing products observed.
4.7.2 NMR analysis of the solid degradation products. Fig. 6 and 7a show the 13 C CP-MAS NMR spectra of the solid degradation products for both LT-1 and LD-1 membranes aer the stability test, respectively. The characteristic resonance of the aliphatic carbons of the base polymer between the 20 to 35 ppm range for the degradation products for both TMA-and DABCO-functionalised membranes is clearly absent, proving that the LDPE is not part of the degradation products. The strong peak at 53 ppm corresponding to the methyl groups in TMA and the resonance peaks within the 130 to 160 ppm region attributed to aromatic ring carbons are both present in the degradation product of the LT-1 membrane (Fig. 6) . Furthermore, the peak at 69 ppm (CH 2 -N) indicates that the benzyl-TMA groups were detached as a whole from the polymer backbone which is consistent with the observed 1 : 1 ratio of VBC to TMA loss between the original and aged membrane (Fig. 3) . Such loss of benzyl-TMA groups can explain the observed decrease in IEC and the large voids seen in SEM (Fig. 2) . This is in contrast with typically suggested elimination degradation mechanism which produces only TMA and/or methanol as proposed by-products. 19, 25 It should be stressed that the later mechanisms are typically suggested in high alkaline media. The broad resonance in the 170 ppm region indicates the presence of carbonyl groups (C]O) suggesting formation of oxidative degradation products discussed earlier. Unfortunately, an attempt to obtain a 15 N CP-MAS NMR spectra for the degradation product of the LT-1 membrane was unsuccessful due to low absolute intensity of the carbon spectrum. Unlike TMA, some of the DABCO upon detachment from the membrane was observed to recrystallise from the solution upon cooling to room temperature. DABCO was subsequently separated by centrifuge and was present predominantly in mono-quaternised form as indicated by the two strong carbon peaks at 45 and 53 ppm as shown in Fig. 7a . Furthermore, the resonance at À330 ppm attributed to quaternised nitrogen in the 15 N CP-MAS NMR spectra (Fig. 7b) suggests the detachment of benzyl trimethylammonium groups. The intense resonance of DABCO indicates its presence in excess than VBC in the degradation product which is in agreement with the 1 : 2 ratio of VBC to DABCO loss as observed in Fig. 4a . Since the prepared LD-1 AEM is largely mono-quaternised (weak À368 ppm resonance, Fig. 4b ), the unquaternised nitrogen is expectedly too weak to be detected in the degradation products (Fig. 7b ). Fig. 8 shows the FTIR spectra of the degradation products (residue isolated from the solution) of TMA-functionalised membrane having different base polymers. It was very evident in all spectra of the degradation products (deg prdt) that there were no detectable strong peaks between the 2800 and 3000 cm À1 region. The 2850 ( ‡) and 2920 ( †) cm À1 peaks in the spectra of the initial membranes are attributed to the -CH 2 symmetric and asymmetric stretching, respectively, both of which are characteristic peaks of the ETFE (ET-2), LDPE (LT-1) and HDPE (HT-3). [93] [94] [95] Additionally for the ET-2 degradation product, there is a clear absence of intense peaks between 1000 and 1300 cm À1 ( §) region that can be associated with C-F stretching vibrations. 96, 97 This agrees with the NMR analysis (Fig. 6 ) wherein the absence of these characteristic peaks indicates that the base polymers were thermally stable and did not degrade as they were not detected in the degradation products. Fig. 8 clearly shows that the spectra of the degradation products for all the different base polymers are identical. This indicates that same degradation products were recovered aer the stability test regardless of the type of polymer backbone used. The precipitate contains VBC groups evinced by bands observed at 840 ( ) and 700 ( ) cm À1 which are consistent with the meta and/or para benzene ring substitution. 98 The presence of TMA is attributed to the C-N stretch at 880 cm À1 ( ) and the N-CH 3 symmetric bending deformation at 1393 cm À1 ( ) 99 while the band at 1440 cm À1 ( ) refers to the -CH 2 scissoring
FTIR analysis of the solid degradation products
vibrations. 100 The peak at 1660 cm À1 ( ) is due to the O-H bending of hydrogen bonded water associated with tetramethylammonium hydroxide (TMAH) hydrate. 101 This is different with the weak signal observed between 3300 and 3400 cm À1 ( ) region that is associated with O-H stretching due to possible presence of residual water and/or OH in the degradation product.
The possible presence of carbonyl-containing compounds in the degradation products is shown by the strong C-O and C]O stretching vibrations at 1057 ( ) and 1730 ( ) cm À1 , respectively.
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The FTIR spectra of the degradation product from the LDPEbased membrane functionalised with DABCO (LD-1) is shown in Fig. 7 The (a) 13 C and (b) 15 N CP-MAS NMR spectra of the degradation products of LD-1 membrane after stability test. 9 . Similar to the TMA-functionalised membrane (Fig. 8) , there is no detected presence of LDPE base polymer in the degradation products as there were no strong peaks observed between the 2800 and 3000 cm À1 region, which also conrms with the NMR analysis (Fig. 7) . The peaks observed at 1700 ( ), 1057 ( ) and 583 cm À1 ( ) suggest existence of carbonyl-containing (aldehyde and/or ketone) by-products, while the bands at 848 ( ) and 796 cm À1 ( ) are attributed to the meta and/or para substitutions of the VBC 98 indicating presence of aromatic compounds in the degradation product. The presence of DABCO in the degradation product was conrmed by the bending deformation at 1460 cm À1 ( ) of the CH 2 groups 103 while the strong signal at 1030 cm À1 ( ) is due to C-N stretching vibrations in the DABCO structure.
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Mechanism of AEM degradation
Studies on the mechanisms of degradation and measurements of the degradation rates of fabricated membranes reported in the literature were all performed in media with high alkaline concentration and temperature. The degradation rates reported therein are driven predominantly by the loss of head group due to very high alkaline concentration (OH À ion attack) at elevated temperature (Scheme 1). However, such test conditions are actually very far from the real operating environments of low-temperature fuel cells and electrolysers (i.e. close to neutral medium). As previously discussed, AEM degradation due to IEC loss was observed even at very low alkaline concentration (deionised water) at temperature of 60 C. Results suggest that not only the loss of TMA head group and VBC monomer were responsible for the loss of IEC but also parallel oxidation processes are likely taking place that provide other routes to degradation. Therefore, in actual fuel cell and electrolyser systems that use water media with very low alkalinity and constantly exposed to oxygen gas, the investigation of membrane degradation should shi to the effect of varying the oxygen concentration rather than simply the OH À ion concentration on stability. Consequently, this suggests that the rate of membrane degradation due to auto-oxidation can have a signicant impact aside from the established degradation mechanisms due to loss of head group. The decrease in ionic conductivity brought about by the decrease in IEC due to the degradation of the fabricated membrane is more pronounced under 100% humidied stream of oxygen than nitrogen at 80 C as we have reported previously. 41 The degradation rate in terms of ionic conductivity is 4 times faster in oxygen than in nitrogen which suggests that at very low alkaline concentration, such four-fold increase in degradation rate indicates another degradation mechanism taking place alongside (i.e. oxidation) or at very low alkaline concentration with negligible head group loss (Scheme 1) one mechanism that is accelerated by oxygen concentration.
The observed ca. 5.5% loss aer 1 month in air-saturated deionised water at 60 C (Fig. 1 , LT-1) was compared with reported degradation rates in literature. Einsla et al.
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observed a 10% loss of benzyltrimethylammonium (BTMA) cation (compound) at 80 C aer 1 month under 1 M alkaline and nitrogen atmosphere. There was no change in degradation rate in the studied alkaline concentration range between 1-5 M. Using the reported activation energy (15.8 kcal mol À1 ), the degradation rate at 60 C of the same BTMA cation was estimated to be 2.6% aer 1 month in 1 M KOH. This is less than half of the % loss aer 1 month in air-saturated deionised water we obtained of 5.5% with the highest radiation dose and an order of magnitude lower than the lowest dose rate (25%) indicating that the degradation of the fabricated membranes investigated is not only due to the removal of the head group but could also due to other mechanisms involving oxygen. Fig. 9 FTIR spectra of the degradation products of LD-1 membrane.
We therefore suggest an alternative degradation mechanism for AEMs immersed in close to neutral pH solutions (deionised water) that involves oxidation of the initial degradation products and the ylide intermediate (Scheme 6) which can explain the above observations. A parallel observation that suggests peroxide radicals could be generated from ylide (Scheme 2) was recently reported 33 employing 31 P NMR spectroscopy and using polyphenylene oxide (PPO) as base polymer for the TMA-based AEM. It was reported that auto-oxidation is favoured under alkaline conditions and the degradation of AEM was due to hydroxyl and superoxide anion radicals formation which were found to be responsible for the PPO backbone chain scission. In the proposed mechanism (Scheme 6), the degradation of the membrane is governed by 2 reaction routes (A and B) which can proceed simultaneously. Initially, in alkaline environment, AEM degradation proceeds with the loss of the head group (Scheme 1) as widely reported, hereby indicated as Reaction A. The reaction rate (r 1 ) in terms of loss of head group is a function of the OH À ion concentration and operating temperature, wherein subjecting the membrane to highly alkaline media and temperature expect a high degradation rate via head group loss. The initial degradation products of Reaction A could subsequently undergo auto-oxidation/oxidation to form benzylic peroxide radicals and TMA-oxide radicals. The reaction rate in terms of auto-oxidation reaction is dependent on temperature and on degradation products and oxygen concentrations, wherein as more oxygen is fed to the system at constant alkaline concentration and temperature, more N-oxide and peroxide radicals will be created. These benzylic peroxide radicals and TMA-oxide radicals could possibly attack the benzylic carbon liberating VBC-TMA causing further decrease in IEC of the AEM depending on the length of the VBC gras, n. However, we observed 1 : 1 ratio of VBC to TMA loss of prepared LT-4 AEM (Fig. 3) , suggesting that at very low alkaline concentration, the loss of head group due to OH À ion attack (Reaction A) has minor contribution to membrane degradation and is rather mainly attributed to the loss of VBC-TMA group as a whole (Reaction B). The degradation route via Reaction A can be applicable to DABCO-based AEM (LD-1) where a 1 : 2 ratio of VBC to DABCO loss was observed (Fig. 4) indicating better stability of TMA than DABCO even at same radiation dose rate due to more loss of DABCO head group than VBC. This suggests that the degradation of LD-1 membrane is not solely due to removal of the whole VBC-DABCO group but could also involve the auto-oxidation of the initial degradation products of the nucleophilic substitution reaction (i.e. membrane degradation proceeds through both Reaction A and B). Therefore, this indicates that at very low alkaline concentration, the ratio of VBC to head group loss dictates the relative yields of degradation routes and that different head group types could follow one or more degradation pathways depending on the applied radiation dose rate.
Reaction B proceeds as proposed by Parrondo et al. 33 wherein the carbanion reduces the dissolved oxygen present in the solution to produce superoxide radicals. Such process involves one-electron reduction of the dissolved oxygen leading to the formation of O 2 /O 2 À (superoxide) redox couple. 106 The ylide formation and consequently the superoxide explain why degradation in terms of IEC loss is not due to direct oxygen reaction with VBC-TMA as IEC loss was only observed when the membranes were in the OH À form and was not observed in Cl À form ( Table 1) . The presence of carbonyl-containing compounds and N-oxide groups (Fig. 5 ) also support the hypothesis of the formation of these superoxides. Consequently, in the absence of high OH À ion concentration in the surrounding media, these superoxide radicals can attack the vulnerable benzylic carbon of the LDPE-VBC resulting in the release of VBC-TMA groups. The attack of free radicals (benzylic peroxide, TMA-oxide, or superoxide radicals) on the vulnerable carbon (carbon in para position with respect to the trimethyl ammonium hydroxide group) gives rise to the formation of a hydroperoxide moiety (Reaction C) reported for cumene. 107 The hydroperoxide group is expectedly unstable and is easily fragmented to hydroxyl and oxide radicals upon thermal decomposition (Reaction D), 107, 108 which subsequently rearranges to form ketone (C]O) byproduct and cause the detachment of VBC-TMA chains.
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The reaction rate in terms of free radical attack is inuenced by the applied radiation dose rate. Therefore, at a xed operating temperature with constant OH À ion and oxygen concentration, the degradation rate is solely dependent on the applied radiation dose rate during AEM synthesis. Membranes prepared under low radiation dose rate produce longer VBC-VBC chains (high value of n) resulting in higher IEC loss upon chain scission of the long VBC gras. As observed in the SEM image (Fig. 2) , the even distribution of bubbles (voids) suggests long VBC-VBC gras as few active sites for LDPE-VBC were created due to low applied radiation dose rate. On the other hand, membranes prepared under high radiation dose rate will have more uniform VBC monomer distribution producing more LDPE-VBC gras and shorter VBC-VBC links (low value of n), hence slower degradation due to lower IEC loss per attack.
Conclusion
The chemical and thermal stability of radiation-graed anionexchange membrane (AEM) are important properties that dictate its service life for fuel cell and electrolyser applications. This research has investigated the stability of fabricated AEMs in deionised water which is the usual medium for electrolyser and fuel cell operation. Aer the stability test, there was an observed decrease in IEC, hence a decrease in ionic conductivity, which is an indication of AEM degradation. The stability of the membrane was found to be inuenced by the applied gamma radiation dose rate. The use of higher radiation dose rate produces membranes with enhanced stability due to the improved VBC monomer distribution throughout the graed monomer, hence more LDPE-VBC gras and shorter VBC-VBC links. The increase in applied radiation dose rate from 30 to 67 Gy h À1 (total radiation dose of 10 kGy) for the LDPE-based AEM signicantly reduced the % IEC loss from 37 to 21%, respectively. The same was observed with HDPE-based AEM where the % IEC loss decreased from 50% to 28% with similar increase in radiation dose rate. The stability of the LDPE-based AEM even further improved when the applied radiation dose rate and total radiation dose were increased to 2000 Gy h À1 and 20 kGy, respectively, with only 11% IEC loss. The ETFE-based AEMs, on the other hand, were fabricated using an electron beam radiation source and at 400 Gy h À1 radiation dose rate demonstrated comparable stability to that of the LDPE based AEM (2000 Gy h À1 ) having 13-15% IEC loss.
The use of different base polymer types among those investigated revealed minimal effect on the stability of the resulting AEM, which is mainly inuenced by the structural changes (e.g. cross-linking, chain gra lengths, DOG) during radiation graing. In terms of functional groups, there was limited effect of the studied head group on IEC% loss, the TMA has emerged to offer slightly better stability than DABCO (under the same radiation dose rate).
NMR (solution and solid-state) and FTIR analyses of both the aged TMA-and DABCO-functionalised membranes and their degradation products conrmed loss of not only the functional group but also the VBC which is in contrast with typically reported degradation mechanisms of AEMs in high alkaline media where degradation is carried out under inert atmosphere using simple BTMA compound instead of polymer membrane. At very low alkaline concentration, the reaction rates of membrane degradation were dependent on both oxygen concentration present in the surrounding media and on the applied radiation dose rate. When the concentration of dissolved oxygen in the solution is increased, the rate of membrane degradation due to IEC loss is also increased, the most likely reason for this is formation of superoxide radicals that attack the vulnerable benzylic carbon and cause the release of VBC-TMA. Moreover, 17 O NMR analysis of the aged membrane and the degradation products suggest the presence of carbonylcontaining compounds and N-O compounds indicating that oxidative processes could possibly take place. Either the benzylic alcohol and TMA by-products are not the terminal form of the degradation products and could undergo further autooxidation leading to further loss of VBC through benzylic peroxide radicals attack and TMA-oxide radicals attack, or another more probable explanation is that peroxide radicals generated from dissolved oxygen through the ylide formation are responsible for these oxidations and for VBC-TMA loss. This explains the faster degradation rate under oxygen gas feed compared to nitrogen under fuel cell operation reported previously.
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This study therefore recommends that future research on AEM materials and degradation study should be conducted at pH closer to neutral and in oxygen saturated environment. The effort should be on improving AEM stability towards oxidation instead of testing head group stability for E2 or SN2 attack in nitrogen saturated high alkaline environment. Lastly, polymer graing performed under low radiation dose rate produces long chain gras that leave large void spaces upon chain scission. Preparation of AEMs with high radiation dose rate resulted in a lower % IEC loss and improved stability explained by shorter gras length, which the established degradation mechanisms reported in literature have not taken into account.
